














Short sleep duration is considered a risk 
factor for weight gain in both children and 
adults [1]. A breadth of recent evidence 
suggests that this relation is causal. For in-
stance, experimental sleep loss in healthy 
young men has been linked to reduced 
physical activity [2], increased appetite for 
sweet foods [3, 4], increased circulating 
ghrelin levels [4, 5], and increased neu-
ral responses to images of palatable foods 
[6]. This latter observation warrants fur-
ther attention: when viewing food images, 
sleep-deprived men show enhanced neu-
ral activation in brain regions involved in 
both gustatory and reward processing, in-
cluding the nucleus accumbens, thala-
mus, insula, and anterior cingulate cor-
tex. This, in conjunction with previous 
observations that sleep-deprived men 
show an increased appetite for sweet foods 
[3], led us hypothesize that one night of 
total sleep deprivation (TSD) would en-
hance perception of sweet taste in healthy 
young men. To this aim, sweet taste per-
ception was tested in 16 male subjects after 
either a night of normal sleep or TSD. Pre-
vious studies have shown that TSD affects 
both plasma ghrelin and glucose concen-
trations [4, 7]. Ghrelin is mainly produced 
by the stomach and stimulates food intake 
[8]. In addition, ghrelin has previously 
been linked to taste perception [9, 10] and 
food reward evaluation [11, 12] in animal 
studies. Thus, plasma levels of total ghre-
lin and glucose, as well as subjective hun-




A total of 16 healthy male subjects partici-
pated in the experiments (age 23±0.9 years; 
body mass index 23.6±0.6 kg/m2; all non-
smokers, with a self-reported regular 
sleep–wake rhythm [i.e., ~8 h sleep/night] 
during the 6 weeks before the experiments, 
and not on any medication). Sleep distur-
bances during the intervention were ex-
cluded by electroencephalography (EEG) 
sleep monitoring. The design included 
an adaptation day including an overnight 
sleep that served to habituate participants 
to the experimental setting. The study was 
approved by the Regional Ethical Review 
Board in Uppsala, and the procedures fol-
lowed were in accordance with the Helsinki 
Declaration. All participants gave written 
informed consent and were paid for their 
participation in the study.
Study design and procedure
In a randomized and balanced cross-
over design, each subject participated in 
two conditions: 8-hours of sleep oppor-
tunity (‘sleep’) and total sleep deprivation 
(TSD). Upon arrival, participants start-
ed their adaptation day, which comprised 
a night of sleep followed by a standard-
ized day in which they received three regu-
lar meals and one snack in fixed amounts, 
and two 30-min walks. This day was fol-
lowed by a nighttime intervention period 
(22:30–06:30 h) in which subjects slept or 
stayed awake, after which they conduct-
ed the sweet intensity ratings as described 
below. Blood was sampled at 07:30 h af-
ter the nighttime intervention day. In the 
sleep condition, lights were turned off at 
22:30 h, and switched on the next morn-
ing at 06:30 h. Polysomnography was per-
formed using Embla A10 recorders (Fla-
ga hf, Reykjavik, Iceland) and comprised 
EEG, electrooculography (EOG), and elec-
tromyography (EMG). Sleep stages were 
determined according to standard criteria 
[13] by an experienced scorer blinded to the 
study hypothesis. To keep subjects awake 
in the TSD condition, they were allowed to 
spend their time with a selection of movies, 
games, and books, they had access to bot-
tled water, and lights were kept on. Partici-
pants were continuously monitored by the 
experimenters.
In the morning after regular sleep or 
nocturnal wakefulness, subjects were re-
quested to rate their appetite sensations 
(hunger, fullness, desire to eat, prospec-
tive consumption) and thirst on a 100-
mm visual analog scale (VAS) at 07:00 h. 
A blood sample was taken at 07:30 h for 
hormonal measurements, after which par-
ticipants again rated their appetite sensa-
tions at 08:00 h. To minimize the potential 
confound of hunger evoked by TSD, im-
mediately after these ratings, they received 
a caloric preload consisting of 2 packages 
(500 ml in total; 100 kcal/100 g) of Gain-
omax Recovery Vanilj (Norrmejerier Ek. 
För., Umeå, Sweden) poured into 2 glass-
es, and 2 bars (75 kcal/bar) of a Wasa 
Sandwich Cream Cheese Naturell (Barilla 
Sverige AB, Stockholm, Sweden), provid-
ing 650 kcal. This preload was consumed 
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in its entirety within 10 min. Following the 
preload, participants again reported appe-
tite ratings (08:30 h), and conducted the 
sweet taste intensity rating task (09:00 h).
Sweet taste intensity
A standard food (yogurt; Mild Lättyo-
ghurt Naturell, Arla Foods, Viby, Sweden) 
was presented to which sucrose was add-
ed at different concentrations: 2%, 5%, 9%, 
15%, and 22% and 29% (w/w; i.e., gram 
sucrose per 100 ml yoghurt). Participants 
tasted a single spoonful and rated sweet-
ness intensity and hedonic value (pleas-
antness) of the different sucrose concen-
trations on a 100-mm VAS, anchored with 
the terms “not at all” and “extremely”. Par-
ticipants were then asked to return the re-
maining yogurt and to neutralize their 
taste by eating plain crackers and drink-
ing water. This procedure was repeated 
for all six sucrose concentrations. The or-
der of presentation was randomized with-
in participants.
Biochemical analysis
Blood samples were centrifuged imme-
diately after sampling. The supernatant 
was stored at −80°C, for analysis of plas-
ma ghrelin and glucose. Concentrations 
of total ghrelin were assessed using com-
mercially available ELISA kits for humans 
(EZGRT-89 K; Millipore, Billerica, MA, 
USA). Plasma glucose was measured us-
ing routine assays (hexokinase method, 
Aeroset; Abbott Diagnostics, North Chi-
cago, IL, USA).
Data analysis
Data were analyzed using SAS (version 9.5; 
SAS Institute Inc.), and are presented as 
means (±SEM) unless otherwise indicated. 
The effect of sleep deprivation on ratings 
of sweetness intensity and pleasantness was 
tested using repeated ANOVA measures 
(within-subject factors: Sleep/TSD, Sucrose 
concentration). In order to check that in-
tra-individual differences did not account 
for nonsignificant effects in the small sam-
ple size, we repeated these analyses using 
normalized values. Since TSD was hypoth-
esized to increase plasma ghrelin and feel-
ings of hunger, a one-tailed p value of <0.05 
was considered significant. In case of the 
sweet perception task, a two-tailed p value 
<0.05 was considered significant.
Results
Appetite sensations
Hunger ratings on the adaptation day did 
not differ between the sleep and TSD con-
ditions (data not shown). In the morn-
ing after nocturnal wakefulness, partici-
pants reported greater hunger than they 
did after normal sleep (TSD vs. Sleep, 
76±7 vs. 61±6 mm, p=0.01 at 07:00 h; 80±4 
vs. 69±6 mm, p=0.08 at 08:00 h; 43±7 vs. 
33±7 mm, p=0.04 at 08:30 h [i.e., 20 min 
after the preload]). However, no signifi-
cant differences between the TSD and sleep 
conditions were observed when the change 
in hunger before (i.e., 08:00 h) and after the 
preload (i.e., 08:30 h) was analyzed (TSD 
vs. Sleep, −37±6 vs. −36±5 mm). Other ap-
petite ratings (fullness, desire to eat, and 
prospective consumption) yielded similar 
results, with corresponding changes fol-
lowing the preload (data not shown).
Sweet taste perception 
and pleasantness
Ratings of sweet intensity or pleasant-
ness of the yogurt samples with varying 
sucrose concentrations did not differ be-
tween conditions (. Fig. 1). Similar null 
results were obtained when ratings of the 
sweet taste perception task were normal-
ized (. Fig. 1).
Sleep recordings
Sleep in the sleep condition was typi-
cal for laboratory conditions (. Tab. 1). 
The sleep-onset latency was 8±4 min, and 
sleep efficiency was 92±1%.
Glucose and hormonal 
measurements
Plasma glucose measurements did not 
differ between the TSD and sleep con-
ditions (TSD vs Sleep, 5.4±0.5 vs. 
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of total ghrelin were higher after TSD 
than after a night of sleep (TSD vs. Sleep, 
442±61 vs. 390±44 pg/ml, p=0.04).
Discussion
Here we show that one night of wakeful-
ness (which is common in shift workers) 
increases morning plasma concentrations 
of the hunger-promoting hormone ghre-
lin in healthy young men. In contrast, 
perception of sweet taste tested in a broad 
range of sucrose concentrations was not 
affected. This suggests that altered pro-
cessing of sweet tastes is an unlikely the 
mechanism by which one night of total 
sleep deprivation (TSD) affects the ho-
meostatic and hedonic control of eating 
in humans [6, 14, 15, 16, 17].
It has been demonstrated that humans 
who receive an intravenous bolus of the 
hormone ghrelin while viewing images of 
palatable food show an increased activity 
in brain areas intimately linked to gustato-
ry and reward processing (e.g., amygdala, 
orbitofrontal cortex, anterior insula, and 
striatum) [18]. In line with these observa-
tions, high circulating levels of ghrelin have 
been linked to enhanced consumption and 
preference for sweet tasting food in animals 
[9]. Against this background, we hypothe-
sized that acute sleep deprivation—a con-
dition that causes an increase in morning 
plasma concentrations of ghrelin, as shown 
here and by others [5, 19]—would modu-
late the perception of sweet taste in healthy 
young men. Such a finding would offer a 
potential mechanism through which sleep 
loss may promote overeating in humans. 
However, in contrast to our hypothesis, a 
night of wakefulness affected neither taste 
intensity nor pleasantness ratings when 
subjects were administered six ascending 
concentrations of sucrose in yogurt sam-
ples. There are a variety of explanations for 
why we did not observe the predicted ef-
fects. A range of metabolic, physiological, 
and genetic variables that vary from per-
son to person are known to moderate the 
ability to perceive sweetness [20]. With this 
in mind, we cannot rule out the possibility 
that the potential effects of TSD on sweet 
perception were masked by inter-individ-
ual differences in sweet taste perception re-
sulting from differences in these variables 






Sweet taste perception not altered after acute 














































Keine veränderte Wahrnehmung des Süßgeschmacks bei 






















































the sweet taste perception task to account 
for the ability to perceive sweetness failed 
to produce significance. Another possibil-
ity is that the caloric preload reduced the 
sensitivity of the test, and that participants 
in the fasted state would have shown sig-
nificant differences between conditions. 
Additionally, caution should be exerted 
when extrapolating our results, as the ex-
periment focused exclusively on sweetness, 
at the exclusion of other potentially signif-
icant tastes such as salt, bitter, sour, and 
umami. Sleep loss has been shown to in-
crease the responsively to stress in humans 
[22]. As stress can cause a generalized de-
crease in sensitivity to rewards (i.e., anhe-
donia) [23], our negative results do not ex-
clude that acute sleep deprivation in con-
junction with stress may alter the way hu-
mans perceive sweet taste. Finally, whether 
sweet taste perception remains also stable 
under periods of chronic partial sleep de-
privation, or whether our results general-
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